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Abstract 

We consider the implications of current LHC data on new physics with strongly interacting 
sector (s). We parametrize the relevant interaction Lagrangian and study the best fit values in light 
of current data. These are then considered within a simple framework of bosonic technicolor. We 
consider first the effective Lagrangian containing only spin-0 composites of the underlying theory, 
which corresponds to a two Higgs doublet model. With respect to this baseline, the effects of the 
vector bosons, a staple in strong interacting theories, are illustrated by considering two cases: first, 
the case where the effects of the vector bosons arise only through their mixing with the electroweak 
SU(2)i gauge fields and, second, the case where also a direct interaction term with neutral scalars 
exists. We find that the case of a W coupling to the Higgs boson only via the mixing of vector 
fields produces a negligible improvement in the fit of the present data, while even a small direct 
coupling of the composite vector fields to the Higgs allows the tested model to fit optimally the 
experimental results. 
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I. INTRODUCTION 



The recent discovery of a light scalar with properties compatible with those of the Stan- 
dard Model (SM) Higgs boson, h°, imposes new experimental tests on previously viable 
beyond the Standard Model (BSM) theory frameworks. Fervent activity in this direction 
has focused mostly on the possibility that a new charged particle could enhance the Higgs 
decay rate to two photons [THT3]. This is measured at LHC and Tevatron, with the full 
dataset, to be slightly enhanced compared to the SM prediction [T4T4T6] . with the diphoton 
signal strength equal to 1.65 ± 0.32 at ATLAS and 1.11 ± 0.31 at CMS. 1 While most of 
the efforts were focused on the Higgs physics associated with a new charged scalar or a 
vector fermion, both of which naturally arise in supersymmetry [T7H23] or composite Higgs 
frameworks [24"H2T] . less extensive research has been conducted recently on the possibility 
that a heavy charged vector boson be responsible for the observed deviations of the Higgs 
couplings from the corresponding SM predictions [9| [28H30] . 

A heavy charged vector boson is naturally predicted by phenomenological theories featur- 
ing additional gauge groups, like Technicolor, Little Higgs, and Kaluza-Klein models [5TM5B] . 
In this paper we want to explore the effect of couplings of a heavy W boson to the Higgs on 
LHC and Tevatron observables. To approach this task we first, in Section [IT], perform a fit 
with the parameters of a simple effective Lagrangian featuring rescaled Higgs couplings to 
SM particles as well as to a heavy charged scalar and a heavy charged vector boson. To have 



a concrete model to test against the results of the general fit, in Section III we introduce a 
low energy effective Lagrangian for a simple bosonic technicolor model, the bosonic Next to 
Minimal Walking Technicolor (bNMWT) [371-40] . The low energy effective Lagrangian for 
the scalar sector of bNMWT corresponds to a Type-I Two Higgs Doublet Model (2HDM) 
[4"T] . We scan the allowed parameter space of this model for data points viable under direct 
search constraints and electroweak (EW) precision tests, compare the data points to the 
measured Higgs physics observables, and find the optimal fit of the model. In Section IV we 
introduce two composite vector boson triplets in the low energy Lagrangian, while conserv- 
ing gauge invariance at the microscopic level, which both mix with the SM W and directly 
couple to h°, and repeat the goodness of fit analysis above to determine the optimal values 



1 We use the more traditional "cut based" CMS result for the Higgs decay to diphoton. 
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of the W and W" couplings to h°. We illustrate separately the features which originate 
from the mixing and from the direct coupling. Our essential conclusion is that mixing alone 
produces a negligible improvement of the fit to the current data. A direct interaction on the 
other hand makes the bNMWT model a perfectly viable candidate. 

II. LHC AND TEVATRON DATA FIT 

The experimental results are expressed in terms of the signal strengths, defined as 

= smd sm ' °t°t = e n0Wn , w = pp,pp , (1) 

^tot ^ij Q=h,qqh,- 

where 6q is the efficiency associated with the given final state Q in an exclusive search, while 
for inclusive searches one simply has a tot = crpp-+h(x), the h production total cross section. 
The signal strengths from ATLAS, CMS, and Tevatron are given in Table [1} All results for 



ij 


ATLAS 


CMS 


Tevatron 


ZZ 


1.50 ±0.40 


0.91 ±0.27 




77 


1.65 ±0.32 


1.11 ±0.31 


6.20 ±3.30 


WW 


1.01 ±0.31 


0.76 ±0.21 


0.89 ±0.89 


TT 


0.70 ±0.70 


1.10 ±0.40 




bb 


-0.40 ± 1.10 


1.30 ±0.70 


1.54 ±0.77 



LABLE I: Data on inclusive channels from LHC and Tevatron experiments. 

Higgs decays to bosons at ATLAS p31 S21 H3] and CMS [US IH 05] , as well as the decay to 
tt at CMS [46J and the Tevatron results [16J, use the full respective dataset, while results 
for the decay to bb at ATLAS [H] and CMS 0S], and to tt at ATLAS gH], use 12 - 13 fb" 1 
of integrated luminosity at 8 TeV and 5 fb _1 at 7 TeV. The bb quark pair is produced in 
association with a vector boson, with an efficiency assumed equal to one, while the other 
searches are inclusive. We also include in our analysis the dijet associated 77 production 
based on the full dataset [50l |5T] , with signal strengths and efficiencies 2 listed in Table [TTJ 
Within the class of models we will study, the part of the Lagrangian relevant for the 

2 We chose to include only the loose categories from the ATLAS and CMS dataset at 8 TeV. 
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ATLAS 7TeV 


ATLAS 8TeV 


CMS 7TeV 


CMS 8TeV 


"fyJJ 


2.7 ± 1.9 


2.8 ±1.6 


2.9 ±1.9 


0.3 ± 1.3 


pp —> h 


22.5% 


45.0% 


26.8% 


46.8% 


pp — > qqh 


76.7% 


54.1% 


72.5% 


51.1% 


pp — > tih 


0.6% 


0.8% 


0.6% 


1.7% 


pp — > Vh 


0.1% 


0.1% 


0% 


0.5% 



TABLE II: Data on exclusive channels from LHC experiments. 



recent LHC data is of the form 
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(2) 



where the third and fourth terms involve, respectively, charged (but color singlet) vector 
and scalar bosons. We fix the mass parameters to the physical mass of the corresponding 
particle and v w to the EW vacuum expectation value (vev), v w = 246 GeV. 

Consequently, the cross sections and branching rates relevant for Higgs physics are related 
to the corresponding quantities of the SM in a simple way. We define 
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SM ' 



(3) 



and then, in terms of the coupling coefficients in Eq. ([2]), we have 
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(4) 



where the gg and h final states are produced through a loop triangle diagram with only 
quarks as virtual particles. 

The calculation of the Higgs decay rate to two photons is more involved. By using the 
formulas given in [52], we can write 

2 



h— >-77 



(5) 



2567r 3 -y2 

where the index i is summed over the SM charged particles as well as S and W , Ni is 
the number of colors, ej the electric charge in units of the electron charge, and the factors 



Fi are defined by 



F A = [2 + 3r A + 3t a (2 - r A ) f{r A )} a v , 
F<p = -2r^ [1 + (1 - t^) f(r^)) a f , tp 
F s = r s [l- r s f{rs)} a s , n 



A = W,W; 



t, b, r, . . 
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with 



fin, 




In the limit of heavy W and 5 , one finds 

F W i = 7 , 



Ti 



111 



1 

3' 



Ti > 1 
Ti < 1 



(7) 



(8) 



Given the experimental lower bounds on mw' and ms [531 El], the error on .FV' is irrelevant 
while |-Fs| gets enhanced by about 10% for ms = 150 GeV: since the experimental error on 
/t 77 is large and constructive interference of the S and W is favored by the experiment, 
we also assume the error involved by the above approximation for Fs to be negligible. 

We notice also that in the limit of heavy masses for the charged scalar and vector bosons 
the light Higgs decay to such (virtual) states is highly suppressed by kinematics, and there- 
fore no additional decay channels have to be taken into account besides those of the SM. 

To evaluate the theoretical predictions for the measured observables, we need the SM 
production cross sections for the Higgs boson and the SM branching ratios for its decay. 
The production cross sections at the LHC and Tevatron for the final state Q are given 
in Table [1111 



n 


h 


qqh 


tth 


Wh 


Zh 


h(X) 


7 TeV 


15.31 


1.211 


0.08634 


0.5729 


0.3158 


17.50 


8 TeV 


19.52 


1.578 


0.1302 


0.6966 


0.3943 


22.32 


1 TeV 


0.9493 


0.0653 


0.0043 


0.1295 


0.0785 


1.227 



TABLE III: Standard Model Higgs production cross sections in units of pb. 



The SM branching fractions are defined in terms of the decay rates, I/j™^-, as 



Br! 



SAI 



pSM ' 
1 tot 



tot 



ij=bb,gg,WW,. 



r|^. = 4.03MeV. 



(9) 



These are given [56] by 

Br™ = 0.578, Br™ = 0.0637, Br™ = 0.0268, Br™ = 0.0856, (10) 
Br™ = 0.0023, Br™ = 0.00155, Br™^ = 0.216, Br™, = 0.0267. (11) 

To determine the experimentally favored values of the free parameters af,ay,ay,as, we 
minimize the quantity 



x 2 =j: r i e,r ) , (12) 



- a exp_ ath - 
e 

where the measured values and errors of the observables are given in Tables TJTT, while the 
numerical predictions of the theory are easily determined from Eqs. ([31(81), with the SM 



input values given in Table III In defining x 2 above, we assumed the correlation matrix to 
be simply the identity matrix. We note that it is not possible to constrain both as and ay> 
since they both contribute only to the diphoton decay. The optimal values given below then 
refer to either of the two taken equal to zero: 

nm ,no K = 0.21 + n|o and as = 

a v = 0.971°;*?, a,= 1.021°;* '°' 18 * , (13) 

I a v , = and a s = -^Igjj 

with 

xlJd.o.L = 0.85 , P ( X 2 > xl m ) = 62% , d.o.f. = 14. (14) 

The probability to get a minimum value of x 2 larger than the optimal value above is naively 
expected to be around 50%, and therefore the corresponding value obtained above shows 
that the simple parametrization of Eq. (|2| fits satisfactorily the data. 
As a comparison, the SM produces 

Xljd.o.f. = 0.92 , P ( X 2 > xLn) = 55% , d.o.f. = 17 , (15) 

for only the Higgs physics data, which indeed is a rather ideal result. The inclusion of the 
EW parameters S and T (S = T = for SM) [STHST?] in the fit improves further the quality 
of the fit: 

xLn/d.o.f. = 0.89 , P{ X 2 > xlin) = 60% , d.o.f. = 19, (16) 

which shows that the SM is still perfectly viable in light of current collider data. 

In the next section we use the Higgs physics constraints derived here to test the viability 
of a simple bosonic walking technicolor model [ID] whose low energy effective Lagrangian 
belongs to the class specified by the generic Lagrangian of Eq. 



III. MODEL AND CONSTRAINTS 



In Technicolor (TC) an additional, confining gauge interaction causes techniquarks, 
charged under TC and the EW interaction, to condense and break spontaneously the EW 
symmetry [3TL 132]. This mechanism allows the W and Z bosons, and the composite states 
of the strongly coupled TC sector to acquire mass, while the SM fermions remain massless. 

The TC sector we consider has SU(2)LxSU(2)ij chiral symmetry and is described in terms 
of the complex composite meson field M T = (0+, 0°) by an effective La grangian 

£ TC = D^D^M - m 2 M M ] M - ^ (M f M) 2 . (17) 

To provide mass for ordinary matter fermions, an additional interaction linking them to 
the TC condensate has to be provided. In bosonic TC models, this link is provided by one 
(or more) elementary scalar(s) [60-64J. While in this paper we consider nonsupersymmetric 
theories, bosonic technicolor effective Lagrangians also arise as low energy realizations of 
supersymmetric technicolor theories [65T467] . In the context of bosonic TC, it is therefore 
the techniquark condensate that breaks EW symmetry, while the scalar plays the role of 
"spectator". The Higgs Lagrangian is written in terms of the usual complex doublet H as 

£ffi ggs = D^D^H - m 2 H H^H - ^ (H^H) 2 . (18) 

The link between the technicolor and the SM matter fields obtained at the effective La- 
grangian level is due to the Yukawa couplings of the Higgs field H. In addition to the usual 
couplings to the SM matter fields, 

£ Yuk = (yuhHQiUj + (y d ) l] H ] Q l D j + {y t ) ij H^L i E j + h.c. , (19) 

these include also the couplings to techniquarks, yrc^ lH^ r. When constructing the effec- 
tive Lagrangian for the composite sector of the theory, this coupling generates further terms 
in the effective TC Lagrangian so that the technicolor sector is described by [4*0] 3 

£ bTC = D.M 1)"M - m 2 M M^M - ^ (M^M) 2 



+ 



csVrcD^D^H + c iyTC f 2 M^H + °-^{M^M){M^H) 
c^yrc 



+ -^X H (H^H)(M^H) + h.c.\ , (20) 

3 Compared to the potential presented in [40], expressed in terms of matrix fields rather than EW doublets, 
we absorbed the u factors in the Ci coefficients and pulled out a factor Ajy in front of C4, as suggested by 
naive dimensional analysis. 
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where q are unknown parameters and / is the vev of M. The model that we consider is 
therefore specified by the effective Lagrangian 

£ = £sm + A)TC> (21) 

where £sm is the usual SM Lagrangian containing the sectors £ffig g s and Cy u k- The coeffi- 



cients Cj in Eq. (20) are estimated by naive dimensional analysis [68, 69J to be 

c\ ~ to , c 2 ~ co , c 3 ~ u^ 1 , c 4 ~ u^ 1 ; oj < 47r . (22) 



Two of the parameters on the r.h.s. of Eqs. ( I~8p0 ) are determined by the extremum condi 



tions of the potential. Furthermore, the electroweak scale constrains the vevs of M and H 
by 



vl = v 2 + f + 2c 3 y TC fv = (246 GeV) 2 , (M) = -L ; (H) = —. (23) 
Finally, the requirement for the potential to be bounded from below imposes 

X H , A M > ; \ H + X M > 2 (c 2 + c 4 A# ) y TC . (24) 

The mass eigenstates are obtained by diagonalizing first the kinetic terms and then ap- 
plying a rotation to diagonalize the mass terms in the scalar and pseudoscalar sectors. First, 
the Higgs fields M and H are expressed as 





M 2 
Mi 



, A = (1 - c 3 y TC )' 1/2 , B = (l + c 3 y TC r 1/2 . (25) 



After this transformation, the fields M 12 are written in terms of the charge eigenstates as 

Mi, 2 = [ Sl ' 2 ] . (26) 

\^(/l,2+<Tl,2 + i^)/ 

The rotation angles a and /3 determine the physical states in the scalar and pseudoscalar 
sectors so that the Goldstone bosons, G ± and G°, provide the respective longitudinal com- 
ponents of the W and Z bosons, while h°, H°, A , and H ± are the neutral scalars, pseu- 
doscalar, and charged scalar mass eigenstates, respectively: 









The mixing angle is denned so that tan/3 = f^/ fx- The masses of the lightest composite 
states, including neutral scalars, are naturally expected to be of 0(A TC ) ~ 1 TeV. For 
bosonic TC the strong dynamics effect on the Higgs mass can be somewhat tamed by the 
mixing of the composite and elementary neutral scalar states, since the latter state can have 
a squared mass term much smaller than the former. This mechanism is analogous to the 
TeV-scale seesaw recently put forward in [70] . Moreover, it has been shown [71] that the top- 
quark loop contribution can greatly reduce the tree level TC prediction on the Higgs mass. 
A further suppression of the light Higgs mass is expected in NMWT because of walking 
dynamics J3S] ■ From here on we assume that one or a combination of the mechanisms above 
is at work and use m^o = 125 ± 1 GeV as an input to fix the value of one of the free 
parameters of the low energy effective theory. 

To compare the model predictions with the LHC and Tevatron measurements, we need 
the coefficients of the SM Higgs linear couplings introduced in Eq. (J5]) to be expressed in 
terms of the bNMWT parameters: 

as = [(C2/3 - C 2p ) ((C 2 - C 4 Xh) Cp 1 ^ 1 (c a+ 3/3 + C a -pC 2 f3C 2 p) 
+4 (c 2 + C 4 A H ) CpSp (CaC/st' 2 + s a spt 2 p )) 
- {ca-ps\p_ p) sp +p \ H + c a+ pSp-psl { p +p) \ M ) c p 2 s~ 2 /y TC ] 
/[A(c 4 X H s}_ p +(12ci + c 2 )s} +p )] , 

a V — s /3-a j a f — ~ j (28) 

S/3-p 

where s a ,c a ,t a are shorthands for sin a, cos a, tan a, respectively, with a,/3 defined by the 



rotation matrices in Eq. (27) and p by 



- c 3 y T c / 1 + c 3 Vtc , on x 

—2 — ' Cp = y— — • (29) 

We are now ready to test the particle spectrum and its couplings against the latest exper- 
imental data. First, we scan the parameter space looking for data points that produce the 
right SM mass spectrum and satisfy the direct searches for charged particles at LEP [M] 
and a heavy neutral scalar at LHC [72] as well as the EW precision constraints from the S 
and T parameters [571459] . More specifically, we impose the constraints 

m h o = 125 ± 1 GeV , m H ± = m A o > 100 GeV , m H o > 600 GeV , |^=£| < i ) 

sa~p 

S = 0.04 ± 0.09 , T = 0.07 ± 0.08 , r(S, T) = 88% , m A o , m H o < 5A TC . (30) 



The quantity r(S,T) is the correlation coefficient for the S and T parameters [59]. The 
constraint on the trigonometric functions is to ensure that the heavy Higgs does not couple 
to SM fermions more strongly than a SM Higgs with the same mass does; this allows us 
to use straightforwardly the LHC constraint on m#o. The upper bounds on m^m^o are 
enforced by the cutoff of 0(Atc ~ 4nv w ) of the effective Lagrangian. We also require the 
free parameters to produce the remaining SM mass spectrum and satisfy the bounds in 



Eq. (24). Then, we scan for such viable points in the domain 

< X H , X M < (4tt) 2 , 2vr < |ci|, |c 2 |, (cj 1 !, \cl l \ < 8vr , \c 3 y TC \ < 1 



\yt\ < 4tt , / = ±yjv* - v 2 (1 - c 2 y 2 c ) - vc 3 y TC , \v\ < v w (l - 4vtc) 1/2 » ( 31 ) 

with m 2 H ,m 2 M determined by the extremum conditions 

dV dV 

W>=°' 3H° = °- (32) 

where V is the scalar potential of the effective Lagrangian in Eqs. fll8|20|21| ). The results 
that we present in the following of this section can be applied directly to the Type-I 2HDM 
by using the formulas in Appendix |Aj The disclaimer is that we are testing only a portion 
of the parameter space available to such a model, and more precisely the range of values 
typical for underlying strong dynamics. 

The distribution of 5000 viable data points of the bNMWT allowed parameter space 
in the (S, T) plane is shown in Fig. [I] The 90% Confidence Level (CL) allowed region is 
shaded in green while the viable data points featuring m 2 H > (m 2 H < 0) are plotted in 
black (grey). We make this distinction because for positive m 2 H the SM Higgs sector alone 
would not break EW symmetry, and therefore EW symmetry breaking is generated through 
bosonic TC interactions. The black dots are, thus, relevant for bNMWT while the grey ones 
refer more generically to the Type-I 2HDM. It is clear that the viable region in S and T 
accessible by bNMWT is very limited. 

In Fig. [2] we plot the viable data points in the (as, a/) and (as, ay) planes, respectively, 
together with the 68% (green), 90% (blue), and 95% (yellow) CL regions obtained in the 
previous section: these plots represent a slice of the a/, ay, and as parameter space passing 



through the optimal point (blue star) given in Eq. (13). There is a perfectly specular viable 
region, which we do not show here, intersecting another x 2 global minimum point, obtained 



by flipping the signs of ay,af, and a s in Eq. (13). In Fig. |2j left panel, the upper viable 
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S 

FIG. 1: 90%CL viable region (in green) of the precision EW parameters S and T: in black are the 
values relevant for bNMWT, while those in grey refer generically to Type-I 2HDM. 

region, containing the best fit point, obtains the observed slight enhancement of the Higgs 
diphoton decay rate exclusively by the charged scalar contribution which interferes construc- 
tively with the W boson contribution. This results from a rather large linear coupling of 
h° to S . In the lower viable region, the slight enhancement of the Higgs diphoton decay 
rate is entirely due to the SM fermions which couple to h° with the same sign as W and, 
therefore, give constructive interference, while the scalar interferes destructively to balance 
an otherwise excessive enhancement of the decay rate to two photons. The same comments 
apply to the viable regions presented in Fig. [2j right panel. 

The bNMWT data points are closely clustered around the SM values. This was somewhat 
expected, because of the small mixing of the two neutral Higgs fields for a heavy H mass. 
The choice of a heavy masses for the new states is naively dictated by strong dynamics, 
which in the scaled up QCD case would predict masses of O(Atc) ~ TeV. 

Finally, in Fig. [3] we show the bNMWT data points in the (ay, a/) plane that passes 
through the SM point ( Cig — dj — CLy = 0) to which they approximately belong. In bNMWT 
the Higgs-vector boson coupling is always reduced compared to its SM value, as shown in 
Fig. [3j while the experiment favors an enhancement of the same coupling. While bNMWT 
looks generally disfavored compared to the SM, most of the scanned data points lie within 
the 90% CL region. 

We note that Fig. [T] also includes bNMWT points with flipped sign of aj,ay, and as- 
These points belong to the plane passing through the specular optimal point, and therefore 
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FIG. 2: Viable data points in the (as,aj) (left pane) and (as, ay) (right pane) planes, together 
with the 68% (green), 90% (blue), and 95% (yellow) CL region: in black are the values relevant for 
bNMWT while those in grey refer generically to Type-I 2HDM. The blue stars mark the optimal 
signal strengths on the respective planes intersecting the optimal point with ay = 0. 

we do not include them in Figs. [2] and [3j 

Among the scanned 5000 viable bNMWT data points featuring m 2 H > 0, the one mini- 
mizing x 2 is 



a v = 1.00 , a f = 0.98 , a s = 0.0 , S = T = 



X 2 = 16.73 . 



(33) 



To estimate the goodness of fit of the scanned data points, we have to determine the 
number of degrees of freedom (d.o.f.) of the bNMWT parameter space, limited by the con- 
straints motivated by strong dynamics. Since the free variables in the bNMWT Lagrangian 
in Eqs. ( ppO) can be grouped in the coupling coefficients of Eq. ([2]), defined in terms of the 



TC Lagrangian variables by Eq. (28), one can expect the Higgs physics data presented in 



Section [IT] to allow at most for three d.o.f., plus two since we also include the EW parameters 
S and T in the fit. In practice, the range of values found with the scan for as, ay, S, T, is 
very small compared to the uncertainty affecting each of those parameters, and becomes 
negligible in the neighborhood of the best fit value of a/ due to a high correlation among 
all the five parameters. We assume, therefore, to have only one free parameter, a/, which 
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FIG. 3: Viable data points in the (ay, ay) plane, together with the 68% (green), 90% (blue), and 
95% (yellow) CL region: in black are the values relevant for bNMWT while those in grey refer 
generically to Type-I 2HDM. The blue star marks the optimal signal strengths on the (ay, a/) 
plane for as = ay = 0. 

produces the following statistical results: 

Xljd.ol. = 0.93 , P{ X 2 > xLn) = 54% , d.o.f. = 18 . (34) 



These numbers should be compared to the corresponding results in the SM, Eq. (16), which 



indeed produces a better fit. Even without including S and T in the fit, we obtain the same 



optimal data point as the one in Eq. (33), with goodness of fit given by: 



xLn/d-o.f. = 0.97 , P ( X 2 > xLn) = 49% , d.o.f. = 16 . (35) 



This result again is statistically worse than the relevant SM result, Eq. (15), and less ap 



pealing than the general fit result, Eq. (14). 



For further comparison, we also give the corresponding results for the generic 2HDM data 
points {m 2 H < 0): 

ay = 0.99 , a f = 0.93 , a s = -1.2 ; 
xLJd.o! = 0.87 , P{ X 2 > xLn) = 60% , d.o.f. = 16. (36) 

13 



After adding the S and T parameters as well to the fit, we obtain 



a v = 1.00 , a f = 0.99 , a s = -0.4 , S = 0.01 , T = ; 
xlJd.o.L = 0.91 , P{ X 2 > xlin) = 57% , d.o.f. = 18. (37) 

Indeed, the data points featuring m 2 H < produce a better fit than that of the bNMWT 



with EW symmetry breaking determined by strong dynamics, Eq. (34). 

However, the results obtained so far for bNMWT do not take into account the contri- 
butions to Higgs physics coming from heavy charged vector bosons, which are a staple of 
strong dynamics. In the next section we study this subject by introducing some simple 
interaction terms in the Lagrangian and by working out the corresponding Higgs physics 
phenomenology. 



IV. EXTRA CHARGED VECTOR BOSONS AND EXPERIMENTAL DATA FIT 

Extra vector bosons arise naturally in TC as composite resonances with a mass of the 
order of the strong interaction scale Arc- Of particular interest to us here is the possibility 
that an extra charged vector boson, W, be responsible for the observed slight enhancement 
to the diphoton decay rate of the Higgs even if mw' ^ Tn^o. Given the LHC constraints on 
the mass mw, equal to 2.55 TeV [53J, it is safe to take the heavy W limit, Eq. (|8]), for the 
Higgs decay rate to 77 in Eq. 

To introduce, in the effective Lagrangian, direct Higgs couplings to an extra massive 
vector boson which conserves gauge symmetry at the fundamental scale, we use the hidden 
local symmetry principle [731 174"] . which has been already applied to NMWT in [391 175] : 
here we just outline the main steps required to introduce composite vector bosons while 
conserving gauge invariance in the fundamental theory. 

We begin by defining the following covariant derivatives 

D^N L = d»N L + ig L W^N L + tgrcA^NL , D»N R = d»N R + tg Y B»N R + ig TC A R N R , (38) 

where is the vector boson associated with the G = SU(2) x SU(2) global symmetry 
of Ctc, which we have gauged above, and Nl (N r ) is a scalar field in the fundamental of 
SU(2)l (U(1)y) and antifundamental of G. From the equations above, we can define a new 
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vector field and its transformation under the full gauged symmetry by 

D^N L N ] L - N L D»N[ 



Tr 



N L N, 



L 



Wtc 



(39) 



where ul is a unitary transformation operator of SU(2). The definition and transformation 



law of Pr are obtained simply by replacing L with R in Eq. (39). Among the possible 



dimension four, gauge invariant P M coupling terms to M, we retain only the following 



M-P 



-g* TC r 2 Tr [P L ,M'P^] + ^pTr [P^ + J*J Tr [M'M't] 



(40) 



where M' is the matrix representation of the EW doublet M. Assigning non-zero vevs for Nl 
and Nr, their kinetic terms generate a squared mass term for two vector boson combinations: 



m 2 A Tr [Cl + C 2 Rfl ] , C$ = (If) 



(Pr 1 ) 



^B^ . (41) 



9tc 9tc 
The resulting massless eigenstates give the ordinary W 1 and B^ vector bosons, which instead 
acquire mass through EW symmetry breaking. In addition, there are two vector boson 
triplets, one vectorial (V^) and the other axial (A^). Since their interaction terms, given 



by Eq. (40) evaluated at the vev defined in Eq. (41), respect custodial symmetry and give 
the same contribution to the axial-axial and vector-vector EW vector boson polarization 
functions [75], the total contribution of the vector bosons to the EW precision parameters 
is identical to the SM one, and S and T are, therefore, zero [391 EH]- Moreover the vector 
boson contributions to FCNC have been tested against the experimental results and shown 
to be phenomenologically viable [77]. To simplify our analysis we fix 



(42) 



so that only W 1 and the vector resonance, V 1 , couple to the neutral Higgs fields. 

The charged vector boson mass matrix in the (W, V, A) basis can be written in a compact 
form as 



/ 








\ 






V2 















\ 


V2 







) 



(43) 



with 



m w = [ x2 + (1 + s 2 ) e '] 



m 



A > 



m. 



(1 + 2, 2 ) 



m 



A > 



(44) 
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and 

2m A 2m A g TC 

We now study the implications of this setup in light of the LHC and Tevatron data fit 
we have at our disposal. 



A. Mixing of Vector Fields 

Let us begin with a rather general and simple case. We require that only W, the elemen- 
tary gauge field, couples to h°, and therefore the W coupling to the light Higgs is generated 
only through terms mixing W with the composite vector fields V and A. The squared mass 
matrix in the gauge basis (W, V, A) is obtained simply by setting s = in Eqs. ( 43p4 ): 



/ 9 2 L vi , 2_,2 em\ em 

— + em A 







2 \ 

A \ 



V2 



V 



V2 



m 2 A 



(46) 



/ 



We define the rotation to the mass eigenbasis in terms of x and e, Eqs. (45), by 



V 



( 



\ 



^2 ^2 

Sip Cip ]_ 



with corresponding eigenvalues 



W 

\ w "j 



1 

71 



\ 



1 — x 2 — e 2 



1 + x 2 + e 2 ) 2 - Ax 2 



(47) 



m 



m 



(48) 



The mixing matrix in Eq. (47) shows that only W and W contribute to the gauge field 



W. 

We checked that the Fermi coupling, Gp, determined by evaluating the amplitude for the 
muon decay (fi~ — > u^P^), respects the usual relation 



V2G 



F = V n 



(246 GeV)" 



(49) 



The vector coupling coefficient ay is suppressed, compared to the result in Eq. (28) 
because of mixing: 



2 2 
ay = C^Sfi-a , ay = S^iSp-a , 



(50) 
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with 

4 = T^'i = ^ — ^ m 



9l v I c 2 = 2x 2 e 2 



1 + x 2 + e 2 ) z - 4a; 2 - (1 - x 2 + e 2 ) */(l + x 2 + e 2 ) z - 4x 2 



The W" coupling to h° is zero instead because we set r2 = —r\ in Eq. (40). Finally, the 



fermion and scalar coupling coefficients in Eq. (28) remain unchanged. 

The lower limit on the mass of a sequential 4 W from direct searches at ATLAS [53] . 
equal to 2.55 TeV at 95%CL, can be readily applied to the case above by properly rescaling 
the lower limit: 

2 / \ 2 

g w ,mw ^ ,„ ,r T 1A 9w \ 9w> m\v fKn s 

Yw'^iv = —7^ => ™w> > (2.55TeV) , = -s v > , (52) 

48vr \9w J 9w rn w 

with s v i, my/ 1 , m w defined in terms of x, e, and m A by Eqs. ( 51|48 ). By plotting the exper- 



imentally viable region defined by Eqs. (52) on the x and e plane, we find the maximum 
allowed value of e = 0.36 (at the 95%CL), reached at x = (equivalent to the limit of large 
m A ). 

In strong dynamics the value of m A is expected to be of O(TeV), which determines x 
to be of O(10~ 2 ). In general this needs not to be the CclSG, clS larger values of x for small 
e are allowed by the experiment. On the other hand we are interested primarily in testing 
bNMWT, and therefore in the following we will limit our analysis by assuming i C 1. This 
choice, moreover, guarantees that the W couplings do not change dramatically. Also, e is 



expected to be small because of Eqs. (45) and the fact that gxc 3> 9l- An expansion in 
both e and x therefore produces 

a v = s,3- a (1 - x 2 e 2 ) + O (xV- n ) , a v , = s^ a x 2 e 2 + O (x n e 5 ~ n ) , n = 0, . . . , 5 . (53) 

In this limit the effect of mixing on the W and W couplings is negligible. Moreover, because 
the sum of ay and a v > is independent of e, so is the Higgs decay rate to two photons. 
Therefore, the optimal values for bNMWT with m A = 1 TeV, e < 0.36, and m 2 H > 



{m H < 0) correspond to the ones with no mixing (e = 0), presented in Eqs. (33) (Eqs. (37)). 

In the next subsection we study the phenomenologically more appealing scenario in which 
the composite vector fields feature a direct coupling to neutral Higgs fields. 



A sequential W has the same couplings as the SM W . 
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B. Direct Higgs Coupling to W and W 



Next we want to study the effects of a direct Higgs coupling to the composite vector field 
V, and consider s 7^ 0. In this case, the charged vector boson mass matrix in the (W, V, A) 



basis is given by Eq. (43). The mass eigenvalues are lengthy cubic roots. These can be 



expanded in x and e, which in TC are both expected to be small: 

[1 - ^ 



TTl — 171 j^X 



i+ *( i+ *v-i( 2+ ? 



1 



1 + 2s 2 + - (1 + 2s 2 + x 2 ) e 2 + - 2 + 



(54) 



2 " N \ 

where contributions of 0(x n e 5 ~ n ) are neglected, with n — 0, ... ,5. The and V coupling 
terms to the light Higgs can be derived from the mass matrix by taking its derivative with 
respect to v w and introducing a factor ( to take into account the rotation of M to the mass 
eigenbasis: 

-1 c a+p 



(x 2 + (s 2 e 2 ) WW + 2(s 2 VV - 2V2(s 2 eWV 



c 



Sp+p 



(55) 



The vector boson coupling coefficients get an enhancement factor because of the s coupling: 



a>v — VwSp-a , ay — (w + Vw) sp-a 



(56) 



where 



Vw 



[1 + s 2 (3 - C) + 2s 4 ] x 2 e 2 



[l + 2s 2 Y 



„ Ks 2 [1 + 2 S 2 (1-Q]x 2 e 2 C^ 4 
VW ' ~ 1 + 2 S 2 + 2 (1 + 2 S 2) 2 " 8s' 



x 2 e 2 . (e 4 



2 + 8s 2 



(57) 



at 0(x n e 5 n ), with n — 0, ... ,5. We collected together the W' and W" contributions to the 



Higgs decay to diphoton by summing up their respective coupling coefficients in Eq. (56). 
It is interesting to notice that, at all orders in x: 

2(s 2 



Vw + Vw + Vw" = 1 + 



1 + 2s 2 



+ 0(e 5 ). 



(58) 



The fermion and scalar coefficients are still determined by Eqs. (28). We obtain the optimal 



value of s by performing the global fit in the limit of negligible vector mixing (e = 0) and 
decoupled neutral heavy Higgs: 

2s 2 



(If — dy 



a s = , a v > 



l + 2s 



2 : 



0.32 



+0.17 
^0.32 



(59) 
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We use the same set of 5000 viable points scanned over the bNMWT parameter space 
with no W and W" , and re-calculate the coupling coefficients ay and ay at each data point 
for random values of s and e, with < s < 1 and < e < 0.1, and = 1 TeV. We plot 
the resulting bNMWT data points together with the experimentally favored regions in the 
(ay, ay) and (ay, a/) planes in Fig. [I| and in the (av>,af) plane in Fig [5], respectively, all 



passing through the optimal data point defined in Eq. (13). The plots are again limited to 
the positive ay half-plane. For m 2 H < the mixing factor £, Eq. (55), can be negative, which 



makes ay flip sign, compared to ay, because of Eqs. (57). Already by visual inspection, it 




FIG. 4: Viable data points in the (ay, ay) and (ay,aj) planes, together with the 68% (green), 
90% (blue), and 95% (yellow) CL region: in black are the values relevant for bNMWT while those 
in grey refer generically to Type-I 2HDM with the addition of two charged vector bosons. The 
blue stars mark the optimal signal strengths on the respective planes intersecting the optimal point 
with as = 0. 

is clear that the s coupling allows bNMWT to cover a large portion of the 68% CL favored 
region. We verified that all the three parameters a/, ay, and (to a lesser degree) ay are free 
(meaning that they are little correlated and with a range of values comparable to the error 



affecting the optimal values in Eq. (13)), which was expected since we introduced two new 



19 




-0.4 -0.2 0.0 



0.2 0.4 0.6 0.8 

ay 



FIG. 5: Viable data points in the (ay, a/) plane, together with the 68% (green), 90% (blue), and 
95% (yellow) CL region: in black are the values relevant for bNMWT while those in grey refer 
generically to Type-I 2HDM with the addition of two charged vector bosons. The blue star marks 
the optimal signal strengths on the (ay, a/) plane for optimal ay and with 05 = 0. 

parameters, e and s. In this case the bNMWT data point minimizing x 2 f° r m< H > is 

a v = 1.00 , a f = 1.00, ay = 0.19 , a s = 0.0 , S = T = 0.00 ; 
xLn/d-o.f. = 0.83 , P ( X 2 > xLn) = 65% , d.o.f. = 16, (60) 

while for m 2 H < we find 



a v = 1.00 , a f = 0.98, ay = 0.18 , a s = 0.0 , S = T 
xLJd.o.L = 0.83 , P ( X 2 > xLJ = 65% , d.o.f. = 16. 



0.00 



(61) 



The cases above are equally favored by the experiment and both feature a probability greater 



than the one for the general fit, Eq. ( 13 ), which does not include the S and T EW parameters 
(and therefore has two less d.o.f.) but gives a similar value of Xmin- ^ s a l as ^ remark, we 
note that ay is rather unconstrained by the chosen set of observables, and so a broader 
set of observables related to W physics would be necessary to further test the viability of 
bNMWT. 
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V. CONCLUSIONS AND OUTLOOK 



In this paper we have considered quantitatively how much the coefficients of Higgs cou- 
plings to electroweak gauge bosons (ay) and fermions (a/) as well as to possible extra scalars 
(as) can deviate from their corresponding values in the Standard Model (ay — a>f — 1, 
as = 0) in light of the current LHC and Tevatron data. We then considered a bosonic 
technicolor model, bNMWT [ID], and studied its viability by performing a scan on the pa- 
rameter space which implements the direct constraints on the mass spectrum as well as the 
constraints from precision EW data (in terms of the S and T parameters). The scalar sector 
of the bosonic technicolor model we considered can be more generally viewed as a type-I 
2HDM. 

The essential consequence of underlying strong dynamics is the existence of new vector 
resonances in the particle spectrum. We implemented these new states in an effective La- 
grangian to study their effects. We considered in detail the implications of the effective 
Lagrangian on the couplings of the Higgs boson to the physical W and Z bosons as well as 
to fermions. Then, we studied first the simple case of minimal coupling to the SM fields, 
which amounts to considering only the mixing of the two new triplets of vector bosons and 
the SU(2)i gauge fields without direct interaction between the composite vector bosons and 
SM fields. In this simple scenario we determined the 95%CL upper bound on the amount 
of mixing allowed by experimental data. We showed that this generic scenario in bNMWT 
cannot be resolved by the current data. 

Finally we illustrated the possible effects of the direct coupling between composite vector 
bosons and neutral scalar fields within our effective Lagrangian scheme. We showed that 
the direct coupling allows for an optimal fit by the bNMWT predictions of the current 
experimental data. A more refined analysis of the model including additional observables 
can further test the possibility of a strongly coupled sector underlying the electroweak sector 
of the SM. 
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Appendix A: Two Higgs Doublet Model Potential 



Let us write our bosonic technicolor Lagrangian explicitly as a two-Higgs doublet model 
(2HDM). The starting point is given by Eqs. pOpTj ). The kinetic mixing term in Eq.(|20|) is 



rotated away and the model canonically normalized by Eq.(25). Applying one more rotation 



we can express the SM Yukawa couplings in the following form 

£ Yuk = (yJijKHzQiUj + {y d ) ij KHlQ i D j + {y l ) ij KHll i E j + h.c. , K = (l - c\y 2 TC ) 
where the full transformation is given by 



(Al) 



H = KH 2 , M = H 1 - c 3 y T cKH 2 



(A2) 



As Eq. (Al) shows, only one of the two Higgses (by convention H 2 ) couples to SM fermions, 
which ensures that there are no tree-level contributions to Flavor Changing Neutral Currents 
(FCNC): such a model in literature has been referred to as Type-I 2HDM |41j . 

On the other hand, the most general renormalizable Higgs potential of a 2HDM can be 
written as 

V = mjHlH! + m 2 2 HlH 2 - m\ 2 [h\H 2 + H\H^) + ^-{H\Hi) 2 + ^{H ] 2 H 2 y 



+ \ 3 (hIh 1 )(hIh 2 ) + x 4 (hIh 1 )(hIh 2 ) + 

- Xq(hIHi)(H\Hi) - X^HlH^HiHi) + h.c. 



{H\H 2 f 



(A3) 



The coefficients in Eq. (A3) can be expressed in terms of those in the potential V(M, H), 
in the notation of |40j, by: 



Ax 



A, 



[m 2 H + (2/ 2 ci + m 2 M c 3 ) c 3 yl c ] K 2 
1 
3 



m 



12 



m M , m 2 

-Mi , A 2 = - {2c 2 c\y^ c + X H + 2c 3 c^y 2 TC X H + c\y% c X M ) K 4 



(f 2 d + m 2 M c 3 ) y TC K 



A 4 = A 5 = - (c2 + c 3 A A f) c 3 y TC K 




Aii = - (02 + 2c 3 A M ) y TC K , A 7 = ^ [c 4 X H + c\y 2 TC (3c 2 + 2c 3 A M )] y TC K 3 , (A4) 
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The Higgs fields in Eq. ( A3 ) are expressed in terms of the real degrees of freedom by 



Ha 



^(vi + hi + i(, 



1,2 ;tan/3' 



v 2 



(A5) 
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The Goldstone boson G (G°) provides the longitudinal components of the W (Z°) 
boson, while h°, H°, A , and H ± are the neutral scalars, pseudoscalar, and charged scalar 
mass eigenstates, respectively: 






(A6) 

The angles a', (3' differ from a,/3 only because of the extra rotation in Eq.(A2) that makes 



only H2 couple to SM fermions. 
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